In Arabidopsis thaliana ribosomel RNA genes (rRNA genes or rDNA) are grouped in two nucieolus organizer regions (NORs) that together comprise approximately 8% of the genome. The map positions of the NORs relative to other genetic markers are unknown. It was found that the restriction endonucleese Hindlll cuts once in some but not all rRNA genes to yield strain-specific RFLPs of 100-700 kb that could be visualized by pulsed-field gel electrophoresis and Southern blotting. The Hindlll RFLPs of the A. thaliana strains Columbia and Landsberg segregated among recombinant inbred lines derived from a cross between these two strains. Linkage analysis placed the NOR bearing the polymorphic Hindlll sites to the top of the upper arm of chromosome 2. The name NOR2 is suggested for this locus. HindUl-bearing rRNA genes ere interspersed with clusters of Hindlll-iess genes throughout NOR2. The observed clustering is most consistent with unequal crossing-over, or neerest-nelghbor gene conversion, as the mechanism(s) that spread rRNA gene variants throughout an NOR. No meiotic cross-over events yielding a 'hybrid' NOR with multiple RFLPs from both parents were observed among the 47 recombinant inbred lines examined. However, the appearance of novel HindUl profiles in approximately 40% of the recombinant inbred lines demonstrates that fluctuations in the distribution of rRNA gene variants occur frequently and can be readily detected on pulsedfield gels.
Introduction
Ribosomal RNA (rRNA) genes are transcribed by RNA polymerase I to produce a primary transcript processed into 18S, 5.8S and 25S structural rRNAs (for reviews see Flavell, 1986b; Reeder, 1992; Rogers and Bendich, 1987a; Received 19 August 1994; revised 24 October 1994 ; accepted 4 November 1994. *For correspondence (fax + 1 314 935 4432). Sollner-Webb and Mougey, 1991) . Together with 5S RNA, transcribed by RNA polymerase III, the rRNAs form the core of the ribosome. It has been estimated that as many as one million new ribosomes must be synthesized in every cell cycle (Sollner-Webb and Tower, 1986) . To meet the high demand for rRNA synthesis, eukaryotes have hundreds to thousands of rRNA genes, with some of the highest gene copy numbers being found in plants such as maize, wheat and tomato (Flavell, 1986b; Gerbi, 1985; Ingle et al., 1975; Rogers and Bendich, 1987a) . Individual rRNA genes are not dispersed throughout the genome, but are clustered in tandem arrays on one or more chromosomes. Clustered rDNA repeats at a single locus are collectively referred to as nucleolus organizer regions (NORs) because the nucleolus, the site of ribosome synthesis, is organized around the rRNA genes during interphase (McClintock, 1934; Phillips et al., 1971) .
Coding regions for 18S, 5.8S and 25S rRNA are highly conserved from bacteria to humans, but non-coding sequences, particularly those within the sequences of the intergenic spacers separating adjacent genes (see Figure  1 ), evolve rapidly. Nonetheless, within a species the rRNA genes are virtually identical in sequence, indicating that rRNA genes evolve as a group (Dover, 1982; Dover and Flavell, 1984; Flavell, 1986a Flavell, , 1986b Gerbi, 1985) , a phenomenon known as concerted evolution. Considerable experimental and theoretical work has focused on the mechanisms that might explain how novel rRNA gene variants arise and are spread and fixed more rapidly than can be explained by drift and natural selection alone. Unequal sister chromatid exchange (unequal crossing over) together with intrachromosomal homogenizing events, particularly gene conversion, probably combine to spread rRNA gene variants rapidly throughout the NORs, a phenomenon which Dover and his colleagues have called 'molecular drive' (Coen et el., 1982; Dover, 1982; Dover et al., 1982) . There is direct experimental evidence for some, but not all of these molecular processes operating within the rDNA. For instance, unequal sister chromatid exchange has been demonstrated in budding yeast strains in which the loss of a selectable marker gene (Leu 2) from the NOR of one chromatid was accompanied by the gain of a second copy in a sister chromatid (Petes, 1980; Szostak and Wu, 1980) . Direct evidence for unequal sister chromatid exchange between rRNA gene clusters has also been obtained in Neurospora (Butler and Metzenberg, 1990 ).
However, it has been argued that unequal crossing over Figure 1 . Organization of A. thaliana ribosomal RNA genes showing the locations of sites for restriction endonucleases used in this study. Ribosomal RNA genes are arranged in tandem arrays of a unit consisting of an intergenic spacer and coding regions for 18S, 5.8S and 25S rRNA. The size of one complete gene is approximately 10-10.5 kb and is variable due to intergenic spacer length variation. Repetitive elements within the intergenic spacer include the gene promoter and one or more spacer promoters (arrows denote transcription start sites; Doelling et aL, 1993) and short repetitive elements that often contain sites for Sail (Sal repeats) . Xbal and Ndel cut once within the 18S coding region, Bg/ll and I-Ppol cut once within the 25S coding region, and Hindln cuts once in the intergenic spacer of some, but not all, rRNA genes.
alone is probably insufficient to explain the homogenization of rRNA genes in higher eukaryotes such as Drosophila and plants. Unlike yeast and Neurospora, plants and animals often have multiple NORs, higher copy numbers of rRNA genes, and rRNA genes with a complex internal structure typified by repetitive sequences that are themselves homogenized and subjected to concerted evolution (for reviews see Dover et aL, 1982; Dover and Flavell, 1984; Flavell, 1986b; Gerbi, 1985; Reeder, 1974 Reeder, , 1992 Rogers and Bendich, 1987a) . Lassner and Dvorak noted that sequence variants of the short repetitive elements in the intergenic spacers of wheat and mouse rRNA genes tend to resemble their nearest neighbors. They argued that gene conversion was most likely responsible for this phenomenon given that unequal sister chromatid exchange would tend to operate on a larger scale (Dvorak et al., 1987; Lassner and Dvorak, 1986) . In Drosophila Williams et al. concluded that the recombination frequencies they measured for the rDNA are too low to explain the concerted evolution of rRNA genes on the X and Y chromosomes (Williams et al., 1989) . Instead, they proposed a combination of unequal crossing over, with its potential for occasionally allowing exchanges between rRNA gene clusters on different chromosomes, coupled with some mechanism for intrachromosomal homogenization (Williams et aL, 1989) in agreement with the ideas championed by Dover (Dover, 1982; Dover et al., 1982) . Gene conversion, which would not alter gene copy number, or localized amplifications/deletions of rRNA gene clusters might all contribute to rapid rDNA homogenization (Dover, 1982; Dover et aL, 1982; Flavell, 1982) . Despite these considerations, there is no direct experimental evidence for gene conversion of rRNA genes, though gene conversion has been suggested as the most likely explanation for the biased homogenization of rDNA arrays in parthenogenetic lizards (Hillis etaL, 1991) . However, there is strong evidence for gene conversion in other repeated gene families, including 5S and tRNA genes (Klein and Petes, 1981; MorzyckaWroblewska et aL, 1985) , suggesting the plausibility of gene conversion operating within rDNA.
Observing the spread of rRNA gene variants throughout an NOR and between NORs on separate chromosomes might be expected to shed light on the mechanisms responsible for the concerted evolution of the rRNA gene family. However, hundreds of rRNA genes are clustered in each NOR, and each gene is typically 10 kb or more, such that complete NORs span several megabases of DNA. Owing to their large size, relatively little is known about the large-scale organization of NORs. Nonetheless, such studies are feasible due to the advent of pulsed-field gel electrophoresis (PFGE; Schwartz and Cantor, 1984) , or an improved derivative method, Contour-clamped Homogeneous Electric Field (CHEF) gel electrophoresis (Chu et al., 1986) . Using these techniques resolution of DNA fragments as large as several megabases is possible. By cutting genomic DNA with restriction endonucleases whose sites are absent in rRNA genes, intact NORs of Saccharomyces cerevisiae, Schizosaccharomyces pombe and Neurospora crassa have been liberated from surrounding DNA and resolved and visualized by CHEF gel electrophoresis combined with Southern blotting Metzenberg, 1989, 1990; Chindamporn etaL, 1993; Pasero and Marilley, 1993) . However, in these organisms rRNA genes in any one strain are identical, within the limits of detection by mapping, thus the spread and fixation of variants at a locus has not been studied.
The potential of CHEF mapping to determine the internal organization of a complex NOR prompted us to search for variant rRNA genes whose distribution throughout the NOR(s) in Arabidopsis thaliana could be determined. Arabidopsis has a number of attributes facilitating such a study. First, the number of rRNA genes is small compared with other plants, with approximately 570 rRNA genes, each about 10 kb in size, encoded within each haploid genome (Pruitt and Meyerowitz, 1986) . Second, the complete sequence of an Arabidopsis rRNA gene can be deduced from published sequences (Gruendler et aL, , 1991 Unfried and Gruendler, 1990; Unfried et al., 1989) , allowing computer searching of potentially useful restriction endonuclease sites. Third, the rDNA is known to be organized at two NORs (Albini, 1994; Ambros and Schweizer, 1976; Bauwens et aL, 1991; Maluszynska and Heslop-Harrison, 1991; Sears and Lee-Chen, 1970) , one on chromosome 2 and the other on chromosome 4 (in the numbering system of Koornneef et aL, 1983) suggesting that the spread and fixation of variants between the two loci might be studied. Finally, collections of recombinant inbred lines created by single seed descent from F 2 segregants of crosses between different Arabidopsis strains are available (Lister and Dean, 1993; Reiter et al., 1992) . These offer the potential to map the NORs via segregation analysis and to detect distinct rearrangements that take place within the NORs of different recombinant inbred lines.
In the study reported here, we searched for RFLPs resulting from the presence or absence of a restriction endonuclease site occurring no more than once per rRNA gene. We reasoned that such RFLPs, if present, would allow us to deduce the distance between nearest rRNA gene neighbors possessing the sites and thus to determine the distribution of variant genes throughout one or both NORs. We found one such restriction endonuclease site, for Hindlll, that is present in some but not all ribosomal RNA genes of A. thaliana. The Hindlll digestion patterns of the rDNA in various Arabidopsis strains is unique, yielding large RFLPs on the order of 100-700 kb. Segregation analysis of parental RFLP patterns among a population of recombinant inbreds derived from a cross between the A. thaliana strains Columbia and Landsberg allowed us to map the NOR bearing the Hindlll variants to the top of chromosome 2 (locus NOR2). Clusters of Hindlll-less rRNA genes are interspersed with Hindlll-bearing genes at NOR2, consistent with unequal crossing over or nearest-neighbor gene conversion as the mechanism(s) most likely to explain the spread of variants throughout the locus.
Results

Arabidopsis rRNA genes are arranged head-to-tail in noninterrupted tandem arrays
To assess the variability among the hundreds of rRNA genes present in the Arabidopsis genome, and to deduce the arrangement of the genes relative to one another, we tested a number of restriction endonucleases predicted to cut once per rRNA gene (see Figure 1) . We also tested several enzymes predicted not to cut the rDNA at all. These predictions were based on computer analysis of published sequences pieced together to represent a complete gene (Gruendler et al., , 1991 Unfried and Gruendler, 1990; Unfried et al., 1989) . Our first question was whether this composite sequence was representative of the ~570 rRNA genes (Pruitt and Meyerowitz, 1986) per haploid genome. If all rRNA genes are virtually identical in sequence, we reasoned that methylation-insensitive single cutters (enzymes that cleave only once per rRNA gene) would cleave every rRNA gene whereas predicted non-cutters would not digest any rRNA gene. Furthermore, if the rRNA genes were arranged in simple tandem arrays with each gene in the same orientation relative to its neighbor, the single-cutters would reduce the rDNA loci to unit gene length (~10 kb) fragments (see Figure 1) . Similar logic suggested that if virtually identical genes are arranged in simple tandem arrays, enzymes that do not cleave the RFLP mapping rDNA on pulsed-field gels 275 Rgure 2. Digestion of rDNA with restriction endonucleases predicted to cut once per rRNA gene repeat suggests that rRNA genes in A. thaliana are arranged in simple tandem arrays. Agarose-embedded genomic DNA of the A. thaliana strains Landsberg erecta (L) and Columbia (C) was digested with 100 units of I-Ppot (lanes 2, 3), Bglll (lanes 4, 5), Xbal (lanes 6, 7) or Ndel (lanes 8, 9). Uncut DNA is shown in lane 1. Digestion prdoucts were subjected to pulsed-field gel electrophoresis using a Bio-Rad Contour-clamped Homogeneous Electric Field (CHEF) gel system. Following CHEF gel electrophoresis, gels were blotted and probed with a radioactive rDNA fragment. Note that I-Ppol and Ndel cut the rDNA exclusively to the size of single rRNA genes (-10 kb) and BgAI and Xbal yield unit-length and larger fragments that are integer multiples of unit length (-20, 30, 40 kb, etc.) , suggesting that the rRNA genes are present in simple tandem arrays. Molecular weight sizes shown to the side of the gel are based on the migration of Hindlll-digeeted bacteriophage lambda and S. cerevisiae chromosome markers that were visualized by ethidium bromide staining prior to blotting. rDNA would yield fragments containing complete NORs on the order of 3 Mbp (assuming equal numbers of 10.0-10.5 kb rRNA genes at each of the two loci) unlikely to be resolved by CHEF using our conditions. However, nonrDNA sequences interspersed among the rRNA gene repeats, as reported for flax (Agarwal et al., 1992) , might harbor sites for these enzymes, or occasional sites might be present within rRNA genes due to sequence polymorphisms. In either of these latter two scenarios, resolvable fragments <3 Mbp could be generated by the predicted non-cutters.
To test these possibilities, genomic DNA prepared from protoplasts embedded in agarose was cut with various restriction endonucleases and resulting DNA fragments were resolved on CHEF gels. rDNA was detected by Southern blotting and hybridization using a radioactive rDNA probe (Figure 2 ). We first tested several restriction enzymes which are insensitive to cytosine methylation and which cut only once per repeat in 18S or 26S coding regions. For instance, Ndel and Xbal cut within the 18S coding sequences while I-Ppol and Bgtll cut within 25S sequences. Both I-Ppol and Ndel cut the genomic DNA to yield rDNA fragments of unit length (~10 kb; Figure 2 ) with some slight variation in unit length being apparent, as predicted based on the known intergenic spacer length variation (Gruendler et aL, 1991; Luschnig et al., 1993; Pruitt and Meyerowitz, 1986) . No larger fragments hybridizing to the rDNA probe were observed. Other restriction enzymes expected to cut once per repeat, such as Bg~l and Xbal also yielded primarily unit-length rDNA fragments. Larger bands generated by these enzymes were variable between experiments but appeared to be integer multiples of unit length (~20, 30, 40 kb, etc.), suggesting that these larger bands resulted from incomplete digestion of the rDNA. Failure to cleave every rRNA gene in an array could be due to a number of factors including insufficient enzyme, occasional point mutations within the recognition sequence of the restriction endonuclease, or physical inaccessibility of the site. Alternatively, non-rDNA interspersed with the rRNA genes could cause larger than unit-length fragments to be generated by single-cutters. However, for the various single-cutters to give such similar patterns overall, and for Ndel and IPpol to cut exclusively to unit length, any interspersed DNA would need sites for all of these enzymes. The possibility that interspersed DNA might be present but is digested away with these enzymes seems unlikely, especially given the extraordinary sequence recognition requirements of I-Ppol. I-Ppol is an intron-encoded endonuclease, isolated from Physarum polycephalum, that has the 15 nt recognition sequence ctctcttaaggtagc (Lowery et al., 1992) . Therefore, I-Ppol can be expected to cleave random-sequence DNA approximately once every 109 bp (probability = (1/4 is) making the likelihood of cleaving nonrDNA very low given that Arabidopsis has only ~108 bp per haploid genome (Meyerowitz, 1992) . In fact, in yeast, whose genome is only fivefold smaller than Arabidopsis, I-Ppol is thought to cleave only within the rDNA on chromosome XII, having no effect on the mobility of other chromosomes on CHEF gels (Link and Olson, 1991) . Therefore, our finding that I-Ppol cleaves the rDNA to unit gene length strongly suggests that rRNA genes are arranged in simple tandem arrays free of any intervening sequences. Further support is that enzymes predicted not to cut within individual rRNA genes, such as Kpnl, Pvull and Not1 apparently did not cut within the NORs at all. As a result, following digestion with these enzymes all the rDNA hybridizing with the probe migrated at the position of uncut DNA (data not shown). Non-rDNA interspersed among the rRNA genes might be expected to harbor sites for these enzymes, particularly for six-cutters such as Kpnl and Pvull.
It is important to note that interspersed sequences too small to be resolved on our gels may escape detection, as might interspersed sequences of unique size present in only single copies. Likewise, occasional inversions of rRNA gene clusters that would likely yield larger and smaller than unit-length fragments at the borders of the rearrangements, Digests were then subjected to CHEF gel electrophoresis and gels were blotted and processed as described in Figure 2 . The autoradiogram of the blot shows that the rDNA profiles following Hindlll digestion are polymorphic among numerous strains.
and single-copy junctions of the rDNA and non-rDNA at the borders of the NORs, could also escape detection. The reason is that single copy bands are difficult to detect in the presence of background in the lanes or in the presence of the hybridization signal from the hundreds of rRNA gene fragments that co-migrate. Nonetheless, based on the data of Figure 2 , we conclude that virtually all, if not all, rRNA genes at the NORs are arranged in simple headto-tail tandem arrays that are not interspersed with nonrDNA sequences. The report of non-rDNA sequences interspersed among rRNA genes in flax (Agarwal et al., 1992) was based on cloning rDNA-non rDNA junctions. To our knowledge, physical mapping studies of the rDNA in flax on CHEF gels has not been reported.
Identification of Hindlll as a restriction enzyme that cuts some but not all rRNA gene repeats within a tandem array
In the process of isolating and sequencing of rDNA clones derived from the A. thaliana strain Columbia we mapped a clone which contained a site for the restriction endonuclease Hindlll located 304 nt downstream of the 3' end of the 25S coding sequences (position 792 in the sequence of Gruendler et al., 1989) . This Hindlll site was not present in the initial published sequence .
Rgure 4. Quantitative Southern blots suggest that the polymorphic Hindlll fragments are probably composed of multiple tandemly arranged rRNA gene repeats. A cloned rRNA gene from the strain Columbia, released by Hindlll digestion of plasmid p14A rDNA-1 (Doelling and Pikaard, unpublished) , was loaded on a CHEF gel at amounts equivalent to one, 10 or 100 copies relative to the number of protoplasts embedded in the agarose plugs. Following Hindlll digestion of the agarose-embedded genomic DNA of Landsberg erecta and Columbia, and I-Ppol digestion of Landsberg genomic DNA, the CHEF gel was run and processed as described in the legend to Figure 2 . Following hybridization and washing, the blot was exposed to X-ray film and the autoradiogram is shown. The intensity of the large polymorphic bands, and quantitation of the blot by phosphor-imaging, is consistent with the bands in the 300-600 kb range containing at least 10-30 rRNA gene repeats. The efficiency of DNA transfer decreases about threefold as fragment size increases, based on the c.p.m, detectable in uncut versus IPpol-digested DNA (lanes 1 and 4, respectively). This effect of size has been factored into the estimated copy numbers. Though ~60 genes are expected in a 600 kb fragment, the estimates are reasonable within the limits of experimental error.
However, a Hindlll site is present at this site in one of the four intergenic spacer variants whose sequences have been published (Gruendler et al., 1991 ; EMBL accession number X52636) and is due to a single point mutation relative to the other three variants sequenced. To test if the distribution of rRNA genes bearing Hindlll sites within the tandem rDNA arrays might be polymorphic, we digested agarose-embedded genomic DNA from the A. thaliana strains Landsberg erect& Columbia (two lab strains: Col-3 and Col-4), Wassilewskija, Turklake, RLD, and Kendalville. Following CHEF electrophoresis, a Southern blot of this gel was probed with a radiolabeled rDNA probe. Most strains displayed unique Hindlll banding patterns (Figure 3) . Landsberg, Columbia, Turklake, and RLD had polymorphic bands ranging in size from 100 to 700 kb, while Wassilewskija and Kendalville displayed a relatively simple pattern. The observed polymorphisms are unlikely to be caused by DNA methylation because the Hindlll site Rgure 5. Partial digestion of rDNA from the A. thaliana strain Landsberg erects with Hindlll to verify the pattern of a complete digestion and to infer the organization of Hindlll-beering gene variants. Complete digestion occurs at 1/25 the amount of enzyme routinely used throughout the study. Agarose plugs containing genomic DNA were subjected to digestion with Hindlll amounts ranging from 0 to 100 units of enzyme (lanes 1-7, respectively). CHEF analysis and processing of the blots was as described in the legend to Figure 2 . Note that 4 units of enzyme are sufficient to achieve complete digestion (lane 4) whereas 100 units were routinely used in all experiments other than those of this figure.
does not contain a CpG or CpNpG sequence where the vast majority of methylation occurs in plants (Gruenbaum et al., 1981) . Furthermore, the Hindlll digestion pattern of rDNA from the cytosine hypomethylation mutant ddm 1 (known to affect rDNA hypomethylation, Vongs eta/., 1993) in the Columbia background was identical to that of wildtype Columbia (see Figure 6 , lane 29). Therefore the Hindlll RFLPs apparently result from having stretches of Hindlllless rRNA genes located between one or more Hindlllbearing variant genes. This interpretation is consistent with the mapping studies of Figure 2 showing that rRNA genes are arranged in simple tandem arrays and with the fact that only one of four intergenic spacer variants sequenced is known to have a Hindlll site. Hindlll fragments of ~100 or ~600 kb would be expected to consist of 10 or 60 rRNA genes, respectively, with Hindlll-bearing genes only at the ends. The hybridization intensity of such bands should, therefore, be equivalent to ~ 10 or ~60 gene copies, respectively. Copy number reconstructions on Southern blots, for which quantitative data were also obtained by phosphorimaging, were generally consistent with this prediction (Figure 4) . Therefore, based on fragment length, one can estimate that the 100-700 kb polymorphic bands of Columbia and Landsberg account for ~230-280 genes (~2.3-2.8 Mbp), respectively. The identity or significance of the faint bands that do not appear to be stoichiometric with the major bands is unknown. However, these could include junction fragments at the borders of the NORs containing relatively few Hindlll-less rRNA genes.
To rule out the possibility that the large polymorphic Hindlll bands observed in the strains Columbia and Landsberg erecta were due to partial digestion of the rDNA, we purposely created a partial digestion series to observe the cleavage patterns. This was done by performing digestions with a range of Hindlll concentrations for the same amount of time ( Figure 5 ; only Landsberg is shown). At low enzyme concentrations, only partial digestion products were observed. As the amount of enzyme was increased, the digestion patterns became more complete until they stabilized at a fixed pattern which we interpret as complete digestion. Complete digestion was observed with as little as 4 units of enzyme (lane 4), whereas 100 units were routinely used in all experiments other than those of Figure  5 . Therefore, we conclude that the polymorphic Hindlll patterns shown in Figure 3 result from complete digests.
One cannot determine from the complete digests whether a single Hindlll-bearing rRNA gene is present at the end of a stretch of Hindlll-less genes or whether the Hindlll-bearing genes occur in clusters. One might assume that clustering of Hindlll-bearing rRNA genes is obvious based on the fact that ~25-30% of the total rDNA hybridization signal following complete Hindlll digestion is within the 10 kb unit gene length band (Figures 3-5 ). This implies that ~25-30% of the Hindlll-bearing rRNA genes are adjacent to one another. However, some (if not most) of the unit-length Hindlll signal is probably derived from digestion of the NOR on chromosome 4 (see below). Nonetheless, based on the restriction digestion data with Ndel, I-Ppol, Bg/ll, Xbal and Hindlll (Figures 2-5) , we suggest that Hindlllbearing and Hindlll-less variants are probably organized as interspersed clusters within the rDNA of one or both NORs, as shown in Figure 8 .
Strain-specific Hindlll polymorphisms co-segregate in recombinant inbred lines and map to a single locus on chromosome 2
As shown in Figure 3 , the A. thaliana strains Landsberg and Columbia have unique rDNhJHindlll profiles. Lister and Dean crossed these two strains and established several hundred recombinant inbred lines by single seed descent through eight generations of self-pollination (Lister and Dean, 1993) . Plants within each of the recombinant inbred lines are essentially homozygous for every locus (residual heterozygosity is ~0.42%) but have unique distributions of Landsberg and Columbia DNA throughout their chromosomes, reflecting recombination events that occurred in the F1 and then became fixed in subsequent generations. This set of recombinant inbred lines is widely used by the Arabidopsis community for RFLP mapping. We prepared agarose-embedded genomic DNA from protoplasts prepared from 47 recombinant inbred lines received from the Nottingham Arabidopsis Stock Centre (United Kingdom). The DNA was digested with Hindlll, subjected to CHEF gel electrophoresis, blotted, and probed as described previously. An example of four such blots comprise Figure 6 . A mutally exclusive pair of bands (indicated by large arrows) was used to score the recombinant inbreds as either Columbia or Landsberg-like, though in most cases the entire Hindlll profile of the recombinant inbreds was similar to one or other parental strain due to the co-segregation of all the Hindlll RFLPs. Plants from 21 of the 47 recombinant inbred lines had Columbia-like rDNA/HindlII profiles (recombinant inbred lines 13, 14, 17, 30, 46, 62, 123, 131, 160, 167, 173, 180, 188, 235, 264, 345, 356, 386, 395, 397, 400) , 19 had Landsberg-like profiles (lines 4, 25, 33, 34, 52, 68, 90, 125, 193, 199, 231,232, 237, 245, 253, 295, 297, 367, 398) , and seven were too different from either parental strain to be scored (lines 5, 64, 161, 194, 321, 390, 394; denoted by U in Figure 6 ; see lanes 14, 25, 32, 35) . This information was transmitted to Clare Lister at the John Innes Institute (Norwich, United Kingdom) who entered the data and compared the segregation of the rDNA profiles relative to other genetic markers using the computer program MAPMAKER (Lander et al., 1987) . The locus bearing the rDNA/Hindlll RFLPs mapped to the tip of the upper arm of chromosome 2 at a genetic distance of 12.5 cM from the genetic marker m246 (Figure 7) . We have named this locus NOR2 (nucleolus organizer region; chromosome 2). The reason for the large genetic distance between NOR2 and m246 is unknown but could be due to one or more hotspots for recombination in the region flanking the NOR, or within the NOR but flanking the polymorphic region of the NOR that we can observe, and not necessarily due to a large physical distance.
Thus far we have not succeeded in identifying a polymorphism or set of polymorphisms specific to the rRNA genes within the NOR on chromosome 4. All of the polymorphic Hindlll bands co-segregate suggesting that the organization of rDNA genes bearing or lacking Hindlll sites, as shown in Figure 8 , is specific for the organization of the rDNA at NOR2. At the NOR on chromosome 4, it is possible that every rRNA gene has a Hindlll site, that none of the rRNA genes have Hindlll sites, or that Hindlll-bearing and Hindlll-less subarrays are both present but are not interspersed with one another in a way that gives rise to useful polymorphisms for mapping (discussed below).
Novel Hind/I/RFLPs are common among the recombinant inbreds
In many of the recombinant inbreds we observed novel Hindlll bands not present in the parental strains. These novel bands, denoted by triangular arrowheads between the lanes in Figure 6 , were generally the only changes among the otherwise characteristic Hindlll profiles of the parental strains. Nine out of 19 recombinant inbreds displaying the Landsberg-like NOR profiles had at least one altered band and three of 21 lines displaying the Columbia-Rgure 6. rDNA Hindlll polymorphisms segregate among recombinant inbred lines derived from a cross of Landsberg erecta and Columbia. Agarose-embedded genomic DNA from the parental A. thaliana strains Landsberg erecta and Columbia (lanes 1 and 2, 11 and 12, 19 and 20, 30 and 31) and from recombinant inbred lines of the Lister and Dean collection (Lister and Dean, 1993) were digested with 100 units of Hindlll, blotted and hybridized as in previous figures. Digests of DNA from 24 of the 47 recombinant inbred (RI) lines we examined are shown. Two Hindlll fragments (arrows on the left) were used to score the recombinant inbreds as either Landsberg-like or Columbia-like with respect to their rDNA profile. Scores for the RIs are indicated below their identification numbers: L, Landsberg; C, Columbia; U, unscored. N, uncut DNA; M (lane 29) is the ddm 1 hypomethylation mutant in the Columbia background (Vongs et aL, 1993) . Approximate fragment sizes are indicated to the right of the photos. The well is shown as an arrow at the top right corner of each photo. Novel HindUl fragments not present in the parental strains, but present in the recombinant inbred lines, are highlighted by triangular arrowheads placed between adjacent lanes of the gels.
like NOR profile had altered patterns. Novel bands are most likely to appear due to unequal sister chromatid exchanges or gene conversion events that add or subtract Hindlll sites within a locus (see Figure 8 ).
An interesting group including five recombinant inbred lines (lines 5, 161, 194, 54, 390) displayed an almost complete absence of the large Hindlll RFLPs and did not resemble either parent (Figure 6, see lanes 14, 25, 35 ). These recombinant inbreds could not be scored as either Columbia-like or Landsberg-like for mapping purposes. However, the next nearest marker, m246 (see Figure 7) , was scored as Columbia-like for RIs 5, 194, and 390 and cM 12.5 2.1 w .
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. Landsberg-like for RIs 54 and 161. Based on the intensity of the hybridization signals, the 'unknowns' do not appear to have suffered massive deletions of their rDNA nor do the plants display obvious phenotypic defects, such as dwarfing, as might be expected by analogy to Drosophila 'bobbed' mutants (Ritossa, 1968 (Ritossa, , 1976 . These recombinant inbred lines provide the most dramatic evidence that drastic alterations in the rDNA can occur in fewer than 10 generations.
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Discussion
Location of NOR2 in A. thaliana by genetic mapping
We have succeeded in identifying a group of polymorphisms specific for the rDNA genes that map to the northern tip of chromosome 2. The assignment of this map position is consistent with other reports, For instance, Sears and Lee-Chen used chromosomal morphology and trisomic
Arabidopsis to observe that chromosomes 2 and 4 were associated with the nucleoli (Sears and Lee-Chen, 1970 ). Subsequently, Heslop-Harrison's group used fluorescent in situ hybridization to locate the rDNA on metaphase chromosomes and confirmed the presence of only two detectable rDNA loci which localized to chromosomes 2 and 4 respectively (Maluszynska and Heslop-Harrison, 1991) . The fluorescence signals at the two loci were similar suggesting that rougly equal numbers of genes are likely to be present at each NOR. Very recently, Albini published electron micrographs in which the nucleoli could be seen at the tips of the two shortest chromosomes (presumably 2 and 4) in synaptonemal complexes of pollen mother cells (Albini, 1994) . Our RFLP mapping experiments complement these prior studies by placing one of the NORs, NOR2, on the genetic map. Because the 570 rDNA genes per haploid genome add up to approximately 6 Mpb of DNA (Pruitt and Meyerowitz, 1986) , the ribosomal RNA genes represent ~6% of the Arabidopsis genome, based on current genome size estimates of -100 Mbp (Meyerowitz, 1992) . Therefore, the NOR2 locus can be expected to account for approximately 3% of the A. thaliana genome.
Large-scale organization of NOR2
Intergenic spacer length variation has been used as a polymorphism within rRNA genes in a number of plants in order to map the chromosomal locations of rRNA gene clusters (selected examples are: Lagudah et al. (1991) , Polans et aL (1986) , Saghai-Maroof et al. (1984) ). Such studies typically rely on size differences of a fragment released by digestion with a restriction enzyme that cuts at least twice per gene. Though such analysis can discriminate between parental rRNA gene types of some species and can be used to observe the segregation of parental genes for RFLP mapping, this approach tells us little or nothing about the relative organization of the rRNA genes at a locus. However, in our study, we looked for a different type of RFLP, namely a polymorphism based on the presence or absence of a restriction endonuclese site that occurs once or not at all in a given gene, Such polymorphisms within tandemly arranged multigene families yield information about the relative' distribution of genes bearing the polymorphic sites. In conjunction with pulsed-field gel electrophoresis, it is possible to infer the organization of loci several megabases in size. We have shown that two classes of rRNA genes, that can be distinguished by the conclusions about the interspersion of variant gene clusters are similar to those of Rogers and Bendich (1987b) , who observed the clustering of spacer length variants in Vicia faba by R-loop analysis and electron microscopy. The strain-specific RFLPs we observed by Hindlll digestion and Southern blotting co-segregated with one another, indicating that they all mapped to the NOR2 locus. Therefore, adding up the sizes of the RFLPs allows us to estimate the portion of NOR2 represented within the polymorphic fragments. For instance, if we consider only the largest RFLPs, Landsberg erecta had two co-migrating Hindlll fragments of approximately 570 kbp and one each of ~510, ~390, ~285, ~225, ~175 and ~110 kbp. Together these bands can account for approximately 2.8 Mbp of the NOR2 locus, not including the bands smaller than 100 kbp. The estimated size of NOR2 is approximately 3 Mbp, an estimate stemming from: (i) the Pruitt and Meyerowitz calculation of 570 rRNA genes per haploid genome (in the strain Columbia: Pruitt and Meyerowitz, 1986) , (ii) a gene size of ~10.0-10.5 kb (Gruendler et al., , 1991 Pruitt and Meyerowitz, 1986; Unfried and Gruendler, 1990; Unfried et al., 1989) , (iii) a strict tandem arrangement of the rRNA genes without interspersed non-rDNA (this study), and (iv) fluorescent in situ hybridization signals consistent with approximately equal numbers of rRNA genes at each NOR (Maluszynska and Heslop-Harrison, 1991) . It follows that the Hindlll-less rRNA gene subarrays comprising the large polymorphic Hindlll fragments make up the majority of
NOR2.
In Drosophila several groups have reported that rRNA genes carrying insertion elements within the 28S rRNA are interspersed with genes lacking the insertion elements (Pellegrini eta/., 1977; Wellauer and Dawid, 1977) . The conflicting view that the two classes of genes are predominantly clustered and segregated, with relatively little interspersion, has also been reported (Sharp et al., 1983) . The confusion probably stems at least in part, from the use of conventional gel electrophoresis (rather than CHEF) to perform nearest-neighbor analysis and the inability of such gel systems to yield sufficient resolving power to scan large loci such as a higher eukaryotic NOR. Based on our results, it is very possible that both groups are correct and that clusters of variant rRNA genes are interspersed with one another in Drosophila as they appear to be at NOR2 in A. thaliana.
Concerted evolution
We have identified at least two classes of rRNA genes at NOR2, but it is not possible to determine which class is the newer 'variant' in the strains Columbia and Landsberg. Hindlll digestion of genomic DNA from the strains Wassilewskija and Kendalville reduced the rDNA almost exclusively to unit length (Figure 3 ). This suggests that a Hindlll site is present in virtually every rRNA gene in these strains, which must include the genes at both NOR2 and any other loci. This contrasts with the situation in Columbia, Landsberg and other strains in which Hindlll-bearing and Hindlll-less rRNA genes are interspersed with one another (Figure 3 ). In the context of concerted evolution, we cannot tell if the Hindlll-bearing rRNA genes are in the process of being fixed or lost at NOR2 in the various strains.
Wassilewskija and Kendalville may be further along in the process of spreading the Hindlll-bearing rRNA genes at both NORs or, alternatively, may not have begun losing (or replacing) them with variants lacking Hindlll sites.
In the absence of an RFLP specific for the NOR on chromosome 4, the arrangement of rRNA genes at this locus is difficult to assess. Of particular interest is the issue of whether the locus is only partially or fully composed of Hindlll-bearing repeats. Quantitation of unit-length (10 kb) signals by phosphor-imaging the data of Figure 4 suggests that only ~30% of the total rRNA genes with Hindlll sites are nearest neighbors of one another. The polymorphic Hindlll fragments (mostly composed of Hindlll-less genes) can account for the majority of NOR2, suggesting that extensive clusters of adjacent Hindlll-bearing variants may not be present at NOR2. Therefore, the 30% of the Hindllldigested rDNA represented by unit-length fragments may well be derived primarily from the NOR on chromosome 4. Another 20-30% of all hybridizing material following Hindlll digestion is at the position of the uncut DNA at the top of the gel. This may be due to the presence of Hindlllless variants clustered at the borders with the non-rDNA at either NOR2or the NOR on chromosome 4, an interpretation consistent with the fact that other enzymes that cut once per rRNA gene leave nothing at the top of the gel (Figure 2 ). All we can conclude at present is that if the NOR on chromosome 4 has both Hindlll-bearing and Hindlllless rRNA genes, these two classes of variants are not interspersed with one another in such a way that they give rise to useful polymorphisms that can be mapped to chromosome 4. Having exhausted the list of restriction enzymes predicted to cut only once per repeat in the hope of identifying a polymorphism useful for mapping the NOR on chromosome 4 we plan to investigate those which are predicted to not cut at all. The logic of this approach is that there may be repeats which contain restriction sites not predicted by the analysis of published rDNA sequences. Such sites found in some but not all repeats may generate useful polymorphisms. Alternatively, we may be able to map the NOR on chromosome 4 by searching for polymorphisms among the RIs of alternative ecotypes. Ws and W100F have been used as the parents for a set of recombinant inbred lines that may be useful in our study (Reiter eta/., 1992) .
Changes within the rDNA of NOR2
Rapid fluctuations in rDNA copy number are known to occur in a variety of organisms, including plants (Roberts and Bendich, 1987a, 1987b; Walbot and Cullus, 1985) therefore the estimate of 570 rRNA genes per haploid A. thaliana genome is unlikely to be a rigid number. For instance, in Vicia faba, variation in rRNA gene copy number as great as 22-fold was detected among individual F 2 plants (Rogers and Bendich, 1987b) . In S. cerevisiae, where the single NOR is sufficiently small (~115 rRNA genes) to be easily resolved on pulsed-field gels, different isogenic strains were shown to have NORs varying in size by 35-140 kb (4-16 genes; Chindampom eta/., 1993; Pasero and Marilley, 1993) . In isogenic strains of S. pombe, which also has an average of ~115 rRNA genes distributed between a large and a small NOR, variation as great as 500 kb (about 50 genes) was detected at the large NOR (725-1225 kb), and the small NOR was shown to vary by 120 kb (240-360 kb total size; Pasero and Marilley, 1993) . In the basidiomycete Caprinus cinereus, the chromosome bearing the rRNA genes is hypervariable among different strains apparently due to fluctations in rDNA content (Pukkila and Skrzynia, 1993; Zolan eta/., 1994) . Similar results have been reported in the protozoan Giardia lamblia (Adam, 1992) . In Neurospora, total NOR size varied between 1350 and 1525 kb Metzenberg, 1989, 1990) . Furthermore, in one of the Neurospora studies, a 'hybrid' NOR containing rDNA from two strains, each having a restriction endonuclease site missing in the other, permitted the distal and proximal portions of the NOR to be cleaved and resolved from one another, allowing the demonstration that both regions of the NOR were subject to substantial size fluctuations (Butler and Metzenberg, 1990) . Finally, rapid changes in rDNA content have been documented in Drosophila 'bobbed' mutants, whose developmental defects are correlated with the loss of large numbers of rRNA genes from the NORs on either the X or Y chromosomes (Ritossa, 1976) . Reversal of the bobbed phenotype can occur within several generations in certain genetic backgrounds and is correlated with the amplification (magnification) of the rDNA (Hawley and Tartof, 1985; Komma and Atwood, 1994; Ritossa, 1968) . Therefore, it seems clear that NORs are dynamic regions of the genome where changes can occur rapidly.
In yeast and Neurospora, the rRNA genes in different strains often differ with respect to the presence of one or more restriction endonuclease recognition sites, resulting in strain-specific RFLPs. However, within a strain, all the rRNA genes appear to be identical Metzenberg, 1989, 1990; Petes and Botstein, 1977) . In both Neurospora and yeast, meiotic crossing over within the rDNA is rare such that progeny from a cross generally have the rDNA (and RFLP patterns) of one parent or the other, but not both Metzenbrg, 1989, 1990; Petes and Botstein, 1977) . However, unlike RFLP type, which segregates as a simple mendelian character the NOR size in Neurospora does not segregate as a mendelian character. Instead, virtually all progeny were shown by CHEF mapping to have unique NOR sizes different from either parent (Butler and Metzenberg, 1989; . The different sizes of the NORs in progeny in which no recombination between parental types could be detected by RFLP analysis suggested that alterations in NOR size could be due to unequal sister chromatid exchanges, and direct evidence for an unequal exchange was found in one of the progeny examined by CHEF mapping (Butler and Metzenberg, 1990) .
In Arabidopsis, as in the yeast and Neurospora examples, we have observed that the NOR2profiles of most recombinant inbred lines are similar to the profiles of one or other parental strain, but not both. Unlike the experiments described in the fungal systems, it has not been possible to resolve the much larger Arabidopsis NORs on our gels to observe size variations of the intact NOR. Nonetheless, the alterations in the RFLP profiles we observed among the recombinant inbreds might well be due to the same mechanisms that result in NOR size variation in Neurospora. The alterations in the RFLP profiles we observed tended to involve the appearance of new Hindlll RFLPs without the loss of or alteration of existing Hindlll fragments ( Figure 6 ). The addition of new RFLPs without altering the existing patterns can most easily be explained by unequal RFLP mapping rDNA on pulsed-field gels 283 cross-overs into the middle of Hindlll-bearing rRNA gene arrays or near the ends of the NORs such that novel large Hindlll fragments can be generated without affecting existing fragments (shown in Figure 8 ). Unequal crossing over rather than gene conversion seems most likely to be the mechanism giving rise to the novel bands due to the observed clustering of Hindlll-less rRNA gene variants throughout NOR2. Gene conversion would only be expected to give rise to clustering if there is a strong bias for conversion events to occur in the immediate vicinity of a given variant. Therefore, one would expect gradual expansion or contraction in the size of the polymorphic Hindlll bands, not dramatic changes. However, appearance of a novel Hindlll RFLP of ~300 kb (for example) implies that a Hindlll-bearing rRNA gene variant has cropped up 30 genes away from its nearest Hindlll-bearing neighbor. Unequal crossing over is the simplest mechanism to explain this phenomenon.
A noteworthy point is that if single cross-over events had occurred at meiosis within NOR2 in the F1 plants, F 2 progeny and subsequent recombinant inbred lines would be expected to contain polymorphic bands derived from each parent. None of the recombinant inbred lines examined displayed such 'hybrid' NORs containing both Landsberg and Columbia RFLPs. Therefore, if unequal sister chromatid exchange is the mechanism responsible for the observed variation, we suggest that such exchanges are unlikely to have occurred by meiotic recombination in the F 1. In the F 2 or later generations potential cross-overs might have occurred at meiosis or in mitosis among cells that ultimately gave rise to gametes. The most difficult group of recombinant inbreds to explain are those in which many of the polymorphic Hindlll fragments have been lost (see Figure 6, lanes 14, 25, 35 ). It is difficult to envision how a single cross-over event at NOR2 could generate such a pattern. Perhaps a double cross-over could explain the patterns if the locus is much larger than we think, most of the polymorphic Hindlll sites are all sequestered in the middle of the NOR, and the cross-over events occurred just flanking the polymorphic region. Otherwise, if the locus is on the order of 3 Mbp (as predicted) and the polymorphic Hindlll bands account for ~2.3-2.8 Mbp, single cross-overs would still be expected to yield an NOR2with multiple large Hindlll fragments (see Figure 8 ). Therefore, multiple gene conversion events, or extensive deletion of Hindlll-bearing regions of the NOR might also be invoked to explain the loss of multiple Hindlll markers. Alternatively, a possibility that cannot be ruled out is that recombination between the NORs on chromosomes 2 and 4 could have led to the loss of most polymorphic Hindlll fragments. However, this seems unlikely given the high frequency at which the 'unknowns' lacking numerous RFLPs were observed (5/47 lines). A molecular marker specific for the NOR on chromosome 4 is needed to evaluate this hypothesis and to further the analysis of rDNA organization and evolution in Arabidopsis.
The high frequency of altered NOR2 RFLP profiles in the recombinant inbreds, occurring in 40% of the lines (if unscored lines are considered along with the Landsberg or Columbia-like lines), is interesting given the apparent stability of the Columbia NOR2 RFLP profile in three different Columbia lab strains we have examined (Col-3, Col-4, and the Ausubel lab strain giving rise to the methylation mutant ddm 1; see Figure 3 , lanes 2 and 7; Figure 6 , lane 29). Unfortunately, we do not know how many generations separate the different Columbia lab strains we have tested. Columbia and Landsberg parental stains taken through multiple generations of self-pollination and single-seed descent, as in the recombinant inbred lines, will be needed as controls for future studies to determine if genetic recombination between the parental strains played a part in the instability observed in the recombinant inbred lines.
Experimental procedures
Plant material and DNA preparation
Recombinant inbred lines of Arabidopsis thaliana (Columbia x Landsberg erecta) and the parental Arabidopsis thaliana strains Columbia (Col-3 and Col-4) and Landsberg erecta were obtained from the Nottingham Arabidopsis Stock Centre (United Kingdom). The ecotypes used in Figure 3 were obtained from the Crucifer Genetics Cooperative at the University of Wisconsin--Madison. Protoplasts were prepared from 2-week-old plantlets grown in sterile culture as described previously (Doelling and Pikaard, 1993; Doelling eta/., 1993) . Protoplasts were collected by sequential filtration throughout 1.0 mm, 230 pm, and 38 Ilm stainless steel wire mesh. Filtrates were centrifuged at 26 g for 10 min in a swinging bucket rotor at room temperature. The supernatant was then removed, and protoplasts were resuspended in 12 ml 0.34 M mannitol, 0.07 M CaCI2. The centrifugation step was repeated and the protoplasts were resuspended in 14 ml of the mannitol, CaCI2 solution. Aliquots of the protoplasts were then counted in a hemacytometer to determine the total number of protoplasts recovered. The volume was adjusted to give 1.8 x 10 7 protoplasts per ml, usually by sedimenting the cells by centrifugation at 26 g and removing an appropriate amount of buffer. Equal volumes of protoplast suspension and molten 2% agarose (in 50 mM TBE) were equilibrated to 37°C in a water bath for 10 min, mixed together by gently inverting the tube several times and were then cautiously pipetted into 20 x 9 x 1.2 mm homemade Plexiglas molds. Each resulting plug contained ~1.9 x 10 s protoplasts and yielded enough agarose-embedded protoplast DNA for three digestions (three lanes of a CHEF gel). Therefore, based on the estimated nuclear DNA content of A. thaliana (~0.22 pg per diploid genome), each lane of a CHEF gel had approximately 0.14 tlg of genomic DNA. Agarose embedded DNA plugs were treated with 500 mM EDTA, 1% N-laurylsarcosine, and 1 mg m1-1 Pronase at 55°C according to Anand and Southern (Anand and Southern, 1990) . Agarose-embedded DNA was then digested overnight with 50 units of restriction enzymes (except for partial digestion experiments) followed by further digestion wth an additional 50 units of enzyme for 6 h, according to Van Daelen and Zabel (Van Daelen and Zabel, 1992) .
Pulsed-field electrophoresis
Electrophoresis was performed using the Contour-clamped Homogeneous Electric Field (CHEF) technique (Chu eta/., 1986 ) using a CHEF-DR II pulsed-field electrophoresis system (Bio-Rad). Agarose-embedded DNA plugs were placed into the wells of 110 ml 1% agarose gels. Pulsed-field certified ultra pure DNA grade agarose (Bio-Rad), in 50 mM TBE was used to form the gels. In all cases a two-step electrophoretic regime was used. Gels were run at 200 V using a switching time of 60 sec for the first 14 h followed by a switching time of 90 sec for the final 8 h. The buffer was 50 mM TBE and was circulated continuously. The gels were run in a 4°C cold room without additional cooling.
Southern blotting and hybridization
Following electrophoresis, gels were stained for 30 min in 50 mM TBE, 1.5 Ilg m1-1 ethidium bromide, and the DNA was nicked with ultraviolet irradiation in a Bio-Rad Gene Linker apparatus. DNA transfer to nitrocellulose membranes was carried out as described by Van Daelen and Zabel (Van Daelen and Zabel, 1992) with the exception that the DNA was UV cross-linked to the blot following transfer using program C3 on the Bio-Rad Gene Linker. Membranes were never allowed to dry. The radioactive probe used for all the experiments shown was the Bglll to Xhol fragment (including sequences of the intergenic spacer, 18S, 5.8S and most of the 26S rRNA coding sequences) isolated from plasmid p14A rDNA-1 (which contains 1.5 rDNA unit repeats). The isolated fragment was then double hexamer labeled using [cx-32p]dCTP and [~_32p]_ TTP following the procedure of Feinberg and Vogelstein (Feinberg and Vogelstein, 1983) . Standard hybridization (6 x SSC) and washing conditions were used (Sambrook et al., 1989) . Blots were washed to final stringency of 0.1 x SSC, 0.5% SDS at 68°C for 120 min. Control experiments using a probe corresponding to only intergenic spacer sequences gave identical results as with the full-gene probe described above, excluding the possibility that organellar rRNA genes were contributing to any of the signals on our blots. Therefore, our stringent washing conditions were sufficient to detect only nuclear rRNA genes. Blots were exposed to Kodak XAR-5-X-ray film at -80°C with one intensifying screen to obtain autoradiographic images.
